tions have been shown to occur in vitro (13) (14) (15) . For example, cultured smooth muscle cells use extracellular iron to modify LDL (13) , and metal chelators inhibit LDL oxidation by many types of cells (13, 16, 17) . Moreover, high concentrations of iron (13) and copper (13, 17) oxidize LDL in the absence of cells, as does protein-bound iron in hemin (18) . Thus, the combination of hyperlipidemia and iron overload may, in particular, promote cardiovascular disease.
Iron has been detected in human atherosclerotic lesions, a microenvironment thought to promote free iron release (19, 20) . Moreover, redox-active metal ions have been found in tissue homogenates prepared from atherosclerotic lesions (21, 22) . However, these studies did not report the levels of metal ions in normal aortic tissue subjected to the same analytical procedure.
In the current studies, we tested the hypothesis that iron overload increases the development of atherosclerosis in apoE-deficient (apoE -/-) mice. We used dietary carbonyl iron to induce iron overload because it rapidly delivers iron to parenchymal cells of target organs (23) (24) (25) . We chose the hyperlipidemic apoE -/-mouse because it develops atherosclerosis spontaneously when fed rodent chow (26, 27) . Therefore, dietary iron could be administered in the absence of dietary fat and cholesterol, reducing the potential of dietary lipid oxidation which may have confounded our results. We show that high-iron diets markedly reduced the extent of atherosclerosis in apoE -/-mice. Hepatic levels of ortho-tyrosine and dityrosine, products of protein oxi-logue no. NE146L; NEN Life Science Products Inc., Boston, Massachusetts, USA). Standard curves were prepared using type 1 horse spleen ferritin (Sigma Chemical Co., St. Louis, Missouri, USA). Quantification of band intensities were determined using the Cyclone Phosphorimaging analysis system (Packard Instrument Co., Meriden, Connecticut, USA).
Serum lipids. Serum cholesterol levels were determined using a colorimetric kit (Diagnostic Chemicals Ltd., Oxford, Connecticut, USA) with cholesterol standards (Preciset no. 12552; Roche Molecular Biochemicals Inc.). Plasma triglyceride levels were determined colorimetrically after removal of free glycerol (diagnostic kit no. 450032; Roche Molecular Biochemicals Inc.).
Iron status. Serum nonheme iron levels and total ironbinding capacity (TIBC) were determined either electrochemically as described (25) by using the Ferrochem II Serum Iron/TIBC analyzer (Environmental Sciences Associates, Bedford, Massachusetts, USA) or colorimetrically (Wako Fe B and UIBC kits; Wako Pure Chemical Industries Ltd., Osaka, Japan). Tissue iron concentrations were determined as described (25) .
Mass spectrometric analysis. Hepatic tissue was dialyzed, delipidated, and acid hydrolyzed as described previously (28) . Amino acids were isolated by solidphase extraction on a C18 column, converted to their n-propyl heptafluorobutyryl acid derivatives, and then quantified using isotope dilution negative-ion electron capture gas chromatography/mass spectrometry (GC/MS) with a Hewlett Packard 5890 gas chromatograph interfaced with a Hewlett Packard 5988A mass spectrometer with extended mass range (J&W Scientific Folsom, Connecticut) (28) . Under these chromatography conditions, authentic compounds and isotopically labeled standards were base line separated and exhibited retention times identical to those of analytes derived from tissue samples. The limit of detection (signal/noise >10) was less than 1 pmol for all of the amino acids. The ions used for detecting analyte and internal standard were: phenylalanine, m/z 383 and 389 ions; tyrosine, m/z 417 and 423 ions; orthotyrosine, m/z 595 and 601 ions; o,o′-dityrosine m/z 1208 and 1220 ions.
Bleomycin-chelatable iron. Concentrations of bleomycin-chelatable iron were measured by the Sohalmodified method of Gutteridge et al. (29, 30) . Solutions were passed over a Chelex (Bio-Rad Life Science Research Group, Hercules, California, USA) column to remove transition metal ions. Liver tissue, collected in buffer lacking DTPA (∼30 mg in 300 µl of 150 mM NaCl), was homogenized and centrifuged at 10,000 g for 10 minutes at 4°C. The supernatant was removed, centrifuged again, and an aliquot of the supernatant was diluted 1:50 with water. The protein content of the supernatant was determined using the Lowry method. Mouse serum was centrifuged at 10,000 g for 10 minutes. An aliquot of the tissue or serum supernatant (5 µl; diluted 1:1 [vol/vol] with water) was added to 200 µl of calf thymus DNA (1 mg/ml), 10 µl of bleomycin (1.5 U/ml), 50 µl of MgCl (50 mM), and 50 µl of Tris (1 M, pH 7.4) in a 1.5-ml microcentrifuge tube. Freshly prepared ascorbate (25 µl of a 7.5-mM solution) was added, and the mixture was incubated at 37°C for 1 hour. After the addition of 50 µl of EDTA (100 mM), 250 µl of thiobarbituric acid (1% [wt/vol] in 50 mM NaOH), and 250 µl of HCl (3 N), the sample was heated at 85°C for 20 minutes. Samples were vortexed, centrifuged at 10,000 g for 10 minutes, and the supernatants were analyzed with a Beckman DU7 Spectrophotometer (Beckman Instruments Inc. Fullerton, California, USA). A standard curve prepared with solutions of ferrous iron sulfate was used to calculate concentrations of free iron. To correct for nonspecific absorbance, we subtracted A 512 from A 532 .
Quantification of mRNA. Hepatic total RNA was isolated with Tripure Isolation Reagent (Roche Molecular Biochemicals Inc.). The mRNA was then isolated using the Polytract mRNA Isolation System IV (catalogue no. Z5310, Promega Corp., Madison, Wisconsin, USA) and separated on 1.2% agarose denaturing gels before transfer to nylon membranes (Nytran Plus; Schleicher & Schuell Inc.). The cDNA probes for hybridization to specific mRNAs were generated in a two-step process using PCR. First, RT-PCR was performed using mRNA isolated from C57BL/6 mice fed rodent chow as a template to generate small amounts of DNA. Second, this DNA was used as a template to generate probes for Northern blot analyses. Primers were designed using Primer 3 Output (31) based on sequence information in GenBank (32) . Primer sequences used were: L-gulono-γ-lactone oxidase, 5′-TGCCACAGTTCCACCTTCT and 3′-GGTTGCTGCTCTCCTTCTTG; catalase, 5′-CCTCGTT-CAGGATGTGGTTT and 3′-CTGGTCGGTCTTGTAATGGA; serum amyloid A (SAA), 5′-TGACAGCCAAAGATGGGTC and 3′-TGGGAACAACAGGAAGAGAAA; heme oxygenase, 5′-ACTGGTGATGGCTTCCTTGT and 3′-TGAGGGA-CTCTGGTCTTTGTG; manganese superoxide dismutase (MnSOD), 5′-GAGAGCAGCGGTCGTGTAA and 3′-CCT-TATTGAAGCCAAGCCAG; CuZn superoxide dismutase (CuZnSOD), 5′-CTTCTCGTCTTGCTCTCTCT and 3′-CTTCATTTCCACCTTTGCCC; extracellular eCuZnSOD, 5′-TGGTTGAGAAGATAGGCGACA and 3′-CCCAAGATG-GAGTGCGGT; glutathione peroxidase, 5′-GGACTACAC-CGAGATGAACGA and 3′-GGGACAGCA-GGGTTTCTATG; glutathione reductase, 5′-GTAGGAAGCCCACCACAACT and 3′-ATCTCATCACAGCCAATCCC; and ferritin heavy chain, 5′-TGAAGCCTTAGGGCAGTACGACT and 3′-TTATGGCTCGCATCTTGTGAACT.
RT-PCR conditions were identical for all primer sets: initial temperature of 50°C for 30 minutes followed by 35 cycles of 1 minute at 95°C, 1 minute at 50°C, and 1 minute at 68°C. Bands were isolated from 1.2% agarose gels (Geneclean Kit; Bio 101 Inc., La Jolla, California, USA). PCR conditions were identical for all sets of primers: 10 minutes at 95°C, followed by 35 cycles of 1 minute at 95°C, 1 minute at 50°C, and 1 minute at 68°C. Probes were labeled by random hexamer labeling, and quantification of specific bands was performed by densitometry (65-700 Imaging Densitometer; Bio-Rad Life Science Research Group) using Molecular Analyst 1.3 software (BioRad Life Science Research Group). The mRNA levels were normalized to GAPDH.
Atherosclerosis lesion analyses. Lesion sizes were quantified in the aortic sinus as described (33) . Briefly, the upper sections of the hearts were incubated overnight in methyl Carnoy's fixative and paraffin embedded the following day. Every-other section (10 µm thick) throughout the aortic sinus (400 µm) was taken for analysis. Sections were evaluated for lesions after hematoxylin and eosin staining using computer-assisted imaging and the Optimas Image Analysis software package (Bioscan Inc., Edmonds, Washington, USA) (33) .
Immunocytochemical staining of aortic sinus sections was done as described previously (33) with some modifications. Paraffin sections were deparaffinized, rinsed in PBS, incubated for 10 minutes in PeroxoBlock (Zymed Laboratories Inc., San Francisco, California, USA), and boiled in 0.01 M citrate buffer, pH 6.0 for 10 minutes. Sections were incubated with rabbit anti-human ferritin (dilution of 1:100) (catalogue no. 605 022; Roche Molecular Biochemicals Inc.) or horseradish peroxidase-labeled rabbit anti-human smooth muscle actin (diluted 1:5) (DAKO Corp., Carpinteria, California, USA) for 2 hours at room temperature. Sections were developed using the Histomouse SP Kit (Zymed Laboratories Inc.) according to the manufacturer's instructions. Slides were counterstained with hematoxylin. Control sections were treated without primary Ab and all control sections remained free of immunostain products.
Statistics. Values are reported as mean plus or minus SEM. Statistical differences were determined using SYSTAT for the Macintosh (SYSTAT Inc., Evanston, Illinois, USA). Statistical differences were determined
Figure 1
Aortic sinus lesion area for apoE -/-mice fed low-iron (0.02%) and high-iron (2%) diets for 6, 12, and 24 weeks. Values are the mean plus or minus SEM for n = 10 mice at each time point. Lesion areas were determined using computer-assisted morphometric analysis. Standard error bars fall within the symbols in some cases. A P = 0.027; B P = 0.016 ; C P = 0.0001. using two-way ANOVA (diet × time). Post hoc analyses of multiple comparisons were made using Tukey's test for additivity. Pearson's correlation coefficients were used to assess correlations. Some differences were determined using Student's t test. P values less than 0.05 were accepted as statistically significant.
Results

Atherosclerotic lesions are reduced in high iron-fed mice.
Aortic sinus lesion sizes were significantly smaller for mice fed high-iron diet as compared with mice fed the low-iron diet at all time points (Figure 1 ). Twofold reductions in the mean values were seen at 6 and 24 weeks, and a 30% decrease was seen at 12 weeks. The rate of lesion formation in the iron-fed mice occurred at a decreased rate between 12 and 24 weeks compared with 6 and 12 weeks, suggesting that the rate of lesion progression decreased as iron levels increased. Overall lesion architecture for mice from both diet groups was similar and showed core areas consisting of macrophages and necrotic tissue with fibrous caps of smooth muscle cells (data not shown). This composition is typical for apoE -/-mice (26, 27) . Thus, high-iron diet feeding induced an early reduction in lesion area that was maintained for 24 weeks.
Massive iron overload occurs in mice fed 2% carbonyl iron. Evidence for increased body iron stores was seen as early as 6 weeks for 2% carbonyl iron-fed mice ( Table 1) . The iron content for liver and spleen were 13-fold and threefold higher, respectively, for high iron as compared with low iron-fed mice (P < 0.0001), and this difference was maintained at 12 (liver, spleen; P < 0.001) and 24 weeks (liver; P < 0.001). Serum iron levels at 12 weeks and 24 weeks were twofold higher for high iron-fed as compared with low iron-fed mice (P < 0.0004). Transferrin was completely saturated with iron at 12 and 24 weeks (97% and 94% saturated, respectively). Heart iron content was significantly greater for high-iron than low iron-fed mice at 12 weeks. Body weights for mice fed low and high iron diets for 24 weeks were not significantly different.
Elevations in tissue iron stores is normally accompanied by increases in the primary iron storage protein, ferritin. Levels of ferritin protein as quantified by immunoblotting ( Figure 2 ) were significantly higher in liver and serum from mice fed the 2% iron diet than from controls, consistent with tissue-iron enrichment. Ferritin protein in aortic tissue was comparable between diet groups. However, it was difficult to assess aortic ferritin because of the small amount of tissue.
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Figure 3
Immunostaining for ferritin and α-actin at the artery wall. ApoE -/-mice were fed the high-iron (2.0%) diet for 24 weeks, and 10-µm thick cryostat sections were taken at the aortic sinus. Serial sections for mice fed the low-iron diet (a and b) and high-iron diet (c and d) are shown and stained for ferritin (a and c) and α-actin (b and d). The α-actin epitopes were used to delineate the presence and location of smooth muscle cells. Macrophage foam cells can be seen for high iron-fed mice as a bulbous cap on the right portion of each section. For low iron-fed mice, macrophage foam cells are seen below the endothelium and interspersed within the lesion. ×400.
Figure 2
Quantification of ferritin protein. Liver, serum, and aortic samples were taken from mice fed the 0.02% and 2% iron diets for 24 weeks (n = 5 mice per group). Liver and aortic tissues were homogenized directly into Tripure Isolation Reagent, and aliquots of 50 µg protein from liver, 5 µg protein from aortic tissue, or 10 µl serum were subjected to SDS-PAGE and blotted onto nitrocellulose membranes. Membranes were incubated with polyclonal Ab prepared in rabbit anti-human ferritin heavy chain (1:5000 dilution), followed by incubation with iodinated protein A. A standard curve was prepared with samples of type 1 horse spleen ferritin, and band intensities were determined using phosphorimaging. Units for the y axis are micrograms of ferritin per milligram of protein for liver and serum samples and nanograms of ferritin per milligram of protein for aortic tissue. Standard error bars fall within the symbols in some cases. A P < 0.001.
To further study ferritin expression at the artery wall, immunocytochemistry was used. Strong Ab staining for ferritin was seen in aortic lesion sections prepared from high iron-fed (Figure 3c ) but not low iron-fed mice (Figure 3a) . Ferritin epitopes seen in high iron-fed mice colocalized primarily with endothelial cells and macrophages, as evidenced by the lack of colocalization with epitopes for smooth muscle cells (Figure 3d ). The appearance of ferritin protein in lesions was not accompanied by a severe accumulation of iron, as monitored by Perl's Prussian blue staining, though a few cells were reactive. In contrast, Prussian blue staining material was detected widely in aortic adventitia, myocardium, and pericardium in the highiron mice, and lesion staining involved only a few cells (data not shown). Overall, the 2% iron diet completely saturated transferrin with iron, dramatically increased serum and tissue iron levels, and elevated lesion ferritin protein, as compared with low iron-fed mice.
Serum and tissue lipids do not contribute to lesion formation.
The reduction in atherosclerotic lesion sizes could result from a reduction in the concentration of circulating lipids due to feeding the high-iron diet. To test this possibility, serum total cholesterol and triglyceride, as well as hepatic lipid levels, were quantified. Importantly, serum lipids were either not significantly different or were highest for the 2% iron-fed group. Serum total cholesterol levels were similar between diet groups at 6 weeks (313 ± 13 and 271 ± 18 mg/dl for 0.02% and 2% iron fed, respectively) and 12 weeks (363 ± 18 and 390 ± 18 mg/dl for 0.02% and 2% iron fed, respectively), and increased significantly for high iron-fed mice (431 ± 10 mg/dl) as compared with low iron-fed mice (322 ± 11 mg/dl; P < 0.0001) at 24 weeks. Serum triglyceride levels were consistently higher for 2% carbonyl iron-fed mice (61 ± 6 mg/dl) as compared with control mice (43 ± 3 mg/dl; P < 0.0001-0.004 at 12 and 24 weeks) at each time point. No differences were seen between diet groups with respect to hepatic cholesterol and triglyceride levels (data not shown).
Altered distribution of serum lipids among lipoproteins also did not account for changes in aortic sinus lesion sizes between diet groups. Examination of the lipoprotein profile after FPLC showed nearly identical patterns for the high iron-and low iron-fed mice at 6 weeks ( Figure 4) . Collectively, these observations indicate that alterations in serum lipoproteins did not contribute to the reduction in aortic sinus lesion sizes seen for the high iron-fed mice.
Dietary iron overload does not induce hepatic protein oxidation. Aromatic amino acids are important targets for metal ion-catalyzed damage (12) . To test whether iron overload could mediate protein oxidation, ortho-tyrosine and dityrosine, characteristic products of protein oxidation (28, 34) , were measured in liver samples from mice fed high-and low-iron diets. Livers were used because of the quantity of tissue available and the 
Figure 4
Lipoprotein profiles for apoE -/-mice fed low-iron (0.02%) and high-iron (2%) diets for 6 weeks. Lipoproteins were separated by FPLC using a Superose 6 column as described in Methods. Cholesterol (a) and triglyceride (b) concentrations were determined colorimetrically and are normalized to total plasma levels. marked elevations in iron content achieved after feeding mice 2% carbonyl iron. Hepatic levels of ortho-tyrosine and dityrosine did not differ between mice fed the lowand high-iron diets ( Figure 5 ), suggesting that protein oxidation was not provoked by dietary iron overload.
Dietary iron overload fails to induce a general increase in mRNA for antioxidant enzymes.
Since it is hypothesized that high iron stores may promote an oxidative environment, we examined the possibility that iron overload might induce the hepatic expression of a panel of enzymes associated with antioxidant defenses (L-gulono-γ-lactone oxidase and heme oxygenase), detoxification of reactive oxygen species (catalase, MnSOD, CuZnSOD, eCuZnSOD, glutathione peroxidase, and glutathione reductase), and inflammation (serum amyloid A). Three enzymes showed altered mRNA levels due to high-iron feeding. The mRNA levels were reduced (L-gulono-γ-lactone oxidase and catalase) or increased (serum amyloid A) by approximately threefold (P < 0.0001) ( Figure 6 ) upon feeding the high-iron diet for 24 weeks. The mRNA levels for the remaining six enzymes did not differ significantly between dietary iron groups. These data suggest that mRNA levels of certain genes are sensitive to tissue iron content, but argue against an overall increase in oxidative stress in the liver.
Levels of catalytically active iron increase in serum and liver of iron-overloaded mice.
To determine whether raising levels of protein-bound iron increases levels of catalytically active transition metal ions, serum and liver concentrations of bleomycin-chelatable iron in mice fed the low-or high-iron diet were determined (29, 30) . This assay relies on the ability of redox-active transition metals to generate malondialdehyde by oxidizing DNA. The malondialdehyde then is reacted with thiobarbituric acid to obtain a pink chromophore with maximum absorbance at 532 nm. All eight serum samples from mice fed the high-iron diet turned pink during this assay, exhibiting an absorbance peak at approximately 532 nm (Figure 7a) . In contrast, none of the ten serum samples from the mice fed low-iron turned pink or developed the 532-nm peak, suggesting that the low level of absorbance we observed was nonspecific or due to light scatter. Low levels of malondialdehyde were also observed in the livers of iron-fed animals. Quantification revealed that the level of free iron in the serum of animals fed the high-iron diet was nine times that in the control-animal samples: 9.0 ± 1.8 µM versus 1.0 ± 0.8 µM (Figure 7b) . A twofold increase in free iron levels was observed in livers of the iron-fed mice (3.0 ± 0.8 nmol/mg protein versus 6.6 ± 3.1 nmol/mg protein; n = 5, P < 0.02). These observations indicate that the serum and liver from the mice on the high-iron diet contained higher levels of catalytically active metal ions than that from the animals on the control diet.
Discussion
We hypothesized that diet-induced iron overload would exacerbate the atherosclerotic process and do so by increasing oxidative stress. Surprisingly, we discovered that iron overload reduced the severity of atherosclerosis in apoE-null mice. This was especially remarkable because plasma lipid levels, known to be determinants for atherosclerosis, remained the same or increased modestly during the study. Thus, despite the hyperlipidemia normally exhibited by this strain, iron feeding protected against atherosclerosis.
A key experimental issue is the method of iron delivery because most animal studies have employed parenterally injected iron dextran complexes. This method greatly increases plasma iron levels, but most of the iron is metabolically unavailable (35, 36) , both because it remains bound to dextran and because iron dextran is scavenged by macrophages. Indeed, iron-deficient anemia can coexist with normal or elevated levels of plasma iron in humans treated with iron dextran (36) . When dietary or genetic disorders induce iron overload in humans, the iron-binding capacity of plasma is completely saturated, and most tissue iron is found in
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Figure 6
Quantification of Northern blots of hepatic mRNA. ApoE -/-mice were fed low-iron (0.02%) or high-iron (2.%) diets for 24 weeks (n = 8 per diet group). The mRNA levels are normalized to GAPDH levels. The mRNA isolation and Northern blot analyses are described in Methods. A P < 0.001. GLO, L-gulono-γlactone oxidase; HO, heme oxygenase; GlutR, glutathione reductase; GSH Px , glutathione peroxidase, FerH, Ferritin heavy chain.
Figure 5
Hepatic ortho-tyrosine and dityrosine levels for apoE -/-mice fed low-iron (0.02%) or high-iron (2.0%) diets for 24 weeks. Values for individual samples are shown, and the bars are means (n = 5 mice). Levels were determined using isotope-dilution gas chromatographymass spectrometry. Tyrosine oxidation products were quantified relative to total tyrosine levels. No significant differences were seen between diet groups.
parenchymal cells (37) . Our high-iron diet feeding mimicked this latter situation as evidenced by nearly complete saturation of plasma transferrin with iron and hepatocyte loading of iron as assessed chemically and by Perl's Prussian blue staining (data not shown). An important point is that patients with hemochromatosis, a common genetic disease that elevates plasma and tissue iron levels (37) , are not at greatly increased risk of atherosclerosis (38) . In fact, autopsy studies using quantitative coronary angiography indicate that coronary artery disease is only one third as extensive as in age-and sex-matched subjects (39) . Recently, two case-control studies failed to provide evidence in favor of association between mutations in the hemochromatosis gene and atherosclerosis (40, 41) or myocardial infarction incidence (42) . In contrast to these reports, two recent studies found association between cardiovascular death in postmenopausal women (43) or first acute myocardial infarction (44) and presence of the Cys282Tyr genetic marker for hemochromatosis. However, body iron stores were not evaluated in these subjects. Overall, our results parallel those from studies of patients with clinically diagnosed hemochromatosis. These observations call into question the hypothesis that elevated levels of serum and tissue iron represent an important risk factor for atherosclerosis.
Iron has been detected in human atherosclerotic lesions, and redox-active metal ions have been found in tissue homogenates prepared from atherosclerotic lesions (19) (20) (21) (22) . We also detected Prussian blue-positive cells in atherosclerotic lesions of the mice fed the highiron diet. However, the majority of iron staining was seen in the adventitial tissue, myocardium, and pericardium, and lesion staining involved only a few cells. Despite the presence of tissue iron in the aortic sinus, these mice exhibited reduced atherosclerosis, suggesting that changes in tissue iron content were not deleterious.
Mice fed the high-iron diet had markedly elevated levels of iron in the liver and blood. However, increased levels of protein-bound iron do not necessarily correlate with catalytically active iron in the artery wall. We were unable to measure the latter directly because only small amounts of atherosclerotic tissue were available. Instead, we quantified levels of redox-active transition metal ions in liver and serum as bleomycin-chelatable iron. This assay measures non-transferrin-bound iron that has the potential of becoming redox active and is believed to reflect levels of catalytically active free iron (29, 30, 45) . Liver from mice fed the 2% iron diet exhibited a significant twofold increase in bleomycin-chelatable iron compared with control animals. The increase of free iron was even more marked in serum; mice fed the 2% iron diet had a ninefold higher concentration of bleomycin-chelatable iron than that of control animals. Although the latter appeared to contain a low level of free iron, the affinity constant of transferrin for iron is 10 34 (38) , transferrin was only partially saturated with iron in the low iron-fed animals, and this free iron was not associated with the characteristic malondialdehyde-thiobarbituric acid chromophore detected in the bleomycin assay. In contrast, the chromophore was readily detectable in the serum of the animals fed the high-iron diet. These observations suggest that normal mouse serum contains essentially no free iron. In contrast, the serum of high iron-fed mice clearly contains catalytically active transition metals, presumably iron. Because plasma is likely to be in free equilibrium with the extracellular fluid in the artery wall, detection of free iron in the serum strongly supports the hypothesis that the high-iron diet raises levels of catalytically active transition metal ions in the wall itself without concomitant increases in atherosclerosis.
Previous studies have demonstrated that hydroxyl radical, a reactive intermediate in many metal ion-dependent reactions, elevates levels of oxidized amino acids in LDL and model proteins (28, 34) . Using a combination of gas chromatography and mass spectrometry, a sensitive and specific analytical method, we demonstrated that overloading mice with iron had no effect on the concentration of either ortho-tyrosine or dityrosine in
Figure 7
Bleomycin-chelatable iron in mouse serum. ApoE -/-mice were fed lowiron (0.02%) or high-iron (2%) diets for 24 weeks (n = 8 per diet group). (a) Visible absorption spectra of the malondialdehyde-thiobarbituric acid chromophore formed using the bleomycin assay and mouse sera. (b) Quantitation of bleomycin-detectable iron in the plasma of mice fed the low-iron and high-iron diet. Mean values (horizontal lines) are significantly different between diet groups at P < 0.005. liver proteins. Treating rabbits with iron also failed to increase peroxidation of plasma lipids as assessed by isotope-dilution mass-spectrometric analysis (6) . In fact, the effects of iron status on lipid peroxidation are complex, as both iron deficiency and daily iron feeding promoted lipid peroxidation in rats (46) . These observations call into question the hypothesis that iron promotes oxidative damage of proteins and lipids in vivo.
We examined the idea that iron feeding would elevate mRNA levels for a panel of oxidative stress genes in livers of the iron-overloaded mice. The mRNA levels for six of nine enzymes were unchanged due to iron overload. Importantly, we failed to observe an increased level of mRNA for heme oxygenase, an enzyme showing induction of mRNA by a wide variety of oxidative stresses in vitro (47, 48) . The decrease in L-gulono-γ-lactone oxidase and catalase mRNA levels seen with high-iron feeding suggests that defense against oxidants and free radicals offered by these systems were not required. Interestingly, marked increases in hepatic levels of serum amyloid A mRNA were associated with increased atherosclerosis in mice with diet-induced hyperlipidemia (49) . In contrast, we observed modest increases in serum amyloid A mRNA for mice with reduced atherosclerosis, which suggests that serum amyloid A is not a consistent marker for extent or risk of atherosclerosis. We are unaware of any previous reports examining serum amyloid A mRNA following iron overload, and further studies are warranted. Overall, the failure of mRNA levels for oxidation-related genes to change further supports the proposal that iron-overloaded tissues were not subjected to excessive oxidative stress.
At every stage of lesion development that we evaluated, the extent of atherosclerosis was less in apoE -/-mice fed the high-iron diet than in the control animals, suggesting that iron overload actually retarded lesion formation. Although the reason for this remains unclear, there are several potential mechanisms. One involves the iron-dependent destruction of bio-active molecules involved in atherogenesis (50), leading to a paradoxical decrease in lesion formation. Another potential mechanism involves regulation of gene expression in the artery wall. It is well known that tissue iron stores directly influence the expression of proteins involved in iron storage and transport (51) . We hypothesize that iron regulates the expression of artery wall genes distinct from those directly involved in iron homeostasis. These may include genes for adhesion molecules, scavenger receptors, growth factors, or cytokines. For instance, iron has been shown to regulate transcription of inducible nitric oxide synthase in macrophage cell lines (52) . We found significant alterations in the mRNA levels of three genes (L-gulono--lactone oxidase, catalase, and serum amyloid A) heretofore not recognized as responsive to iron in mice fed the high-iron diet. Further studies of such gene regulation are warranted.
Alternatively, a potential protective effect of iron overload involves cellular effects mediated by oxidized LDL. Balla and coworkers showed that endothelial cells exposed to heme become resistant to the toxicity mediated by oxidized LDL (53, 54) . The proposed mechanism for this effect was increased expression of ferritin, which would then become available to prevent the build up of free iron potentially released after cellular necrosis. However, we failed to detect a marked increase in ferritin levels in the aortic tissue of high iron-fed mice. Moreover, the absolute level of ferritin protein in this tissue was very low compared with liver and serum. It should be noted that we found twofold increase in liver levels of bleomycin-chelatable iron in mice fed the 2% carbonyl iron diet, which suggests that increases in ferritin were not adequate to prevent a rise in tissue levels of free iron. These observations suggest that an ironinduced increase in the level of ferritin in the aorta is unlikely to account for the decrease in atherosclerosis we observed in iron-fed mice.
In summary, we found that dietary iron overload did not promote atherosclerosis in apoE -/-mice. There were no differences in the levels of protein oxidation markers between diet groups. The mRNA levels of stress-related genes also failed to increase, which suggests that the animals were not under increased oxidative stress due to iron feeding. Our data, taken together with decreased lesion sizes observed in iron overloaded rabbits (6, 7) , the lack of increased atherosclerosis among individuals with hemochromatosis (7), and the lack of consensus in epidemiological studies (4, 5) , suggest that elevated iron stores are not an important risk factor for accelerated atherosclerotic vascular disease. Because LDL oxidation plays a critical role in atherogenesis, our results also suggest that iron is not a catalyst for LDL oxidation in the artery wall.
